Abstract: Low-intensity pulsed ultrasound (LIPUS) is known to promote bone defect healing and also angiogenesis. It was reported the frequency of the LIPUS was related to directivity and the depth of penetration, but the differences in angiogenesis during bone defected healing remains unknown. The aim of this study is to investigate the effect of low and high frequency LIPUS exposure for the angiogenesis during rat femur bone defect healing process by molecular biological and histomorphological evaluations. Bone defects of 1.6 mm in diameter were created in both femurs of ten-week-old male Long-Evans rats (n=30). Right femur as LIPUS exposure groups were exposed LIPUS (intensity: 30 mW/cm2, burst width: 200 µs, time: 15 min/ day) and divided into a low frequency (1.5 MHz, L15) group and a high frequency (3.0 MHz, L30) group. Left femur as non-exposed LIPUS group were used as control. After 3, 5, and 7 days, femurs were removed and quantitative RT-PCR (qRT-PCR) for vascular endothelial growth factor (VEGF), histomorphological and immunohistochemical evaluations and measurement of new formed capillary vessel ratio in bone defected are were conducted. The results of qRT-PCR were indicated that VEGF expression of L15 at 5 days was significantly higher than that of L30 and control group (p < 0.05). Immune-positive reaction of VEGF was recognized in fibroblasts, endothelial cells, periosteal cells and osteoblast and these expression in LIPUS exposure groups were stronger than control groups. The capillary vessel formation ratio in upper layer of bone defected area in L15 group was significantly increased compared to L30 and control group at 7 days (p < 0.05). In conclusion, 1.5 MHz frequency of LIPUS exposure was more effective to promote VEGF expression and angiogenesis than 3.0 MHz in rat femur bone defected healing.
Introduction
Recently, dental implants are now being widely used for prosthodontic treatment for missing teeth 1) , and these also become to treat for patients with implant risk factors such as osteoporosis and diabetes. Therefore, a number of studies has been reported on improving of implant body surface topography and chemistry for shortening the period of establish osseointegration, and increase the success rate of implant in these patients [2] [3] [4] . On the other hands, some studies were reported about methods of improving the jaw bone as host side. One of them were known to inject drugs such as bone morphogenetic protein-2 5) , fibroblast growth factor 2 6) and simvastatin 7) into the extraction socket, and they were shown to promote bone healing. However, these methods were containing the risk of toxicity by overdose and the limitation of area for keeping the drug. Therefore, that low-intensity pulsed ultrasound (LIPUS), a non-invasive technique that causes no drug-related side effects and utilizes physical stimulation seems very useful method of improving the jaw bone.
LIPUS was still used in clinical settings to promote healing of normal 8) and intractable 9, 10) bone fractures in the field of orthopedic surgery. In basic research, it was reported osteoblast cell line were maturated and accelerated calcification by LIPUS stimulation [11] [12] [13] . Furthermore, it was clarified LIPUS exposure promotes healing process and increases bone mineral density by rat femurs fracture model 14, 15) . It was also reported about the effect of LIPUS exposure for bone with titanium implant. LIPUS improved the contact rate of newly formed bone in implants placed in rabbit femurs 16) and promotes the formation of new bone tissue in areas of bone augmentation in the rabbit maxillary sinus 17) .
of penetration. Higher frequencies of LIPUS improve the directivity of ultrasonic energy and decrease the depth of penetration 18) . In the bone healing process, the difference of LIPUS intensity was known to contribute to osteocyte and osteoblast differentiation, and optimal parameter is defined 11, 19) . On the other hand, the effect of differences in the frequency of LIPUS during bone healing was still not clarified. In the previous study 20) , high (3.0 MHz) and low (1.5 MHz) frequency of LIPUS exposure groups were promoted rat femur bone defect healing compared to the non-LIPUS exposure group. But there was no significant differences between both high and low frequency of LIPUS exposure group in the evaluation for the bone maturation. However, it was recognized the regression area of blood clots in the low frequency group was deeper than high frequency group at the early stage of bone defect healing process. We hypothesized, this regression of blood clots by LIPUS exposure was occurred by increasing capillary vessel, and the difference of LIPUS frequency influenced the angiogenesis during the bone healing process. The aim of this study is to investigate the effect of low and high frequency LIPUS exposure for the angiogenesis during rat femur bone defect healing process by molecular biological and histomorphological evaluations.
Materials and Methods

Surgical procedure and LIPUS irradiation
Ten-week-old male Long-Evans rats (Sankyo Labo Service Corporation, INC, Tokyo, Japan; n=30) were used in this study.
After peritoneal injections of pentobarbital sodium (Somnopentyl ® 0.9 µl/g, Kyoritsu Seiyaku Corporation, Tokyo, Japan) were administered as general anesthesia. For surgery, the hind legs of the rats were shaved considerably and the outside skin of the distal femur was incised longitudinally, and the femur was exposed by stripping the periosteum. The bone defects were created in both femurs at 3 mm from the articular surface of the knee joint using a round bur (1.6 mm diameter). The depth of the bone defect was created to reach the opposite side of the cortical bone. After the bone defect was created, the periosteum was replaced and the surgical wound sutured. Starting from one day after bone defect creatio n, the bone d efect area of the right femur was The frequency parameters for LIPUS were low frequency (1.5 MHz; L15) and high frequency (3.0 MHz; L30) and LISUS exposure period was set to 3, 5, 7 days (n=10 for each days). The left femurs that composed the non-LIPUS group were used as the control (Cont) group (Fig. 1) . After 3, 5 and 7 days LIPUS exposure, rats were sacrificed and both sides of femur were harvested. Two samples for each day of L15, L30 and control groups were used for quantitative RT-PCR and remaining three samples were used for immunohistochemical staining. All experiments were performed according to the Guidelines for the Treatment of Animals at Tokyo Dental College (approval ID: 253002).
RNA extraction and quantitative RT-PCR (qRT-PCR)
The rats were sacrificed with pentobarbital sodium after 3, 5 and 7 days, and bone tissue samples for RNA extraction was collected using trephine bar (2.8mm internal diameter, Micro Tech
Corp, Tokyo, Japan) from the center of the bone defect area (n=2 for each days). temperature. After washing in PBS, the sections were stained with 3,3'-diaminobenzidine (DAB)(DAB substrate kit Nichirei, Tokyo, Japan) at room temperature. After counterstaining with a hematoxylin solution, they were dehydrated and enclosed according to the established protocol, and then were observed with a universal photo microscope (Axiophot 2, Carl Zeiss, Oberkochen, Germany).
Measurement of new formed capillary vessel in bone defect area
The region of interest (ROI) for measuring capillary vessel formation was defined in the bone defected area and it was divided into upper and lower layer area (Fig. 2) . The image of immunohistochemical staining sections were captured using a universal photo microscope (Axiophot 2). Visualization of capillary vessel formation area was performed by Adobe Photoshop (Adobe Systems, San Jose, USA). The number of pixels of capillary vessel formation area and bone defected area was counted using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). The ratio of new formed capillary area was calculated by pixels of new formed capillary area divided by pixels of bone defected area. The Mann-Whitney Utest was used for the statistical analysis (p < 0.05).
Results
Gene expression pattern of VEGF in bone defected area
The gene expression of vascular endothelial growth factor (VEGF) was quantified using samples harvested from bone defected area after 3, 5 and 7 days (Fig.3) . No significant difference in gene expression of VEGF was observed in samples taken from 3 days after bone defect creation. The level of VEGF expression in L15 group was significantly higher than control and L30 group at 5 days (p < 0.05). Moreover, VEGF expression in L15 group control group was significantly increased compared to at 7days after surgery (p < 0.05).
Histomorphological evaluation and immunohistochemical localization of VEGF in bone defect area
Low magnification images of hematoxylin and eosin staining for histomorphological evaluation and high magnification images of immunohistochemical staining of VEGF in bone defected area were shown in Figs. 4, 5 and 6. At 3 days after surgery, blood clots were observed in all layers of the bone defect area in the control group (Fig. 4a) . Whereas, blood clot retraction was observed in both LIPUS exposure groups and that of area in L15 group (Fig. 4b ) was larger and deeper than the L30 group (Fig. 4c) . The strong immune-positive reaction of VEGF in L15 group was recognized in fibroblasts, endothelial cells and periosteal cells adjacent to stump of existed bone in bone defected area (Fig. 4e) . On the other hands, immunoreaction of VEGF in control and L30 group were observed at inner periosteum cells but there was no and/or weak reaction in bone defected area (Fig. 4d, f) .
At 5 days after surgery, blood clots was still remained at center of bone defected area in control groups (Fig. 5a ), whereas bone decocted area of LIPUS exposure groups were filled with newly formed bone (Fig. 5b, c) . The positive immunoreaction of VEGF was recognized in osteoblast adjacent to newly formed bone and vascular endothelial cells of all 3 groups. The upper layer of bone defected area capillary in LIPUS exposure groups (Fig. 5e, f) were more dilated than that of control group (Fig. 5d) , and more strong immunoreaction in endothelial cell was recognized in L15 group than L30 group. At 7 days after surgery, cancellous bone maturation was observed in all layers of the bone defect area in all 3 groups (Fig.   6a-c) . In the upper layer of bone defected area, newly bone and capillary formation in cortical bone defected area was recognized in both LIPUS exposure groups and immune-reaction of VEGF was observed in endothelial cells and outer periosteum cells (Fig.   6e, f) , and newly formed cortical bone in L15 groups was more dense than L30 group. Furthermore, few newly formed bone and capillary was seen in cortical bone area in control group and positive reaction pattern of VEGF was similar to that of 5 days. In the lower layer of cancellous bone defected area was also observed newly formed bone and capillary in both LIPUS exposure groups (Fig. 6h, i) . On the hands, weak positive reaction was recognized in osteoblast adjacent to few newly bone.
Measurement of capillary vessel formation ratio in upper and lower layer of bone defected area
The ratio of capillary vessel formation in upper and lower bone defected area was shown in Fig. 7 . There was no significant difference among all 3 groups in the both upper and lower layer of capillary formation ratio at 3 and 5 days after surgery. On the other hands, significant increasing ratio of capillary formation area was recognized to compare with control group in both layers, and L30 group in Upper layer at 7day after surgery (p < 0.05).
Discussion
The effects of different frequencies of LIPUS exposure for angiogenesis during bone healing process in rat femur bone defect models were investigated by molecular biological and histomorphological evaluations. LIPUS is a type of ultrasound energy that passes through living tissues 18) and is known to promote healing of fractures and bone defects 8, 14) . The parameters for LIPUS include intensity, exposure time and frequency. LIPUS intensity was known to relate the osteoblast proliferation and we used intensity of 30 mW/cm 2 LIPUS in this study. Because, previous studies reported an intensity of 30 mW/cm 2 LIPUS promotes osteoblast differentiation in vitro 13) and promotes fracture healing in a rat femur model in vivo 14 ) . Furthermore, the United States Food and Drug Administration currently recommends that an intensity of 30 mW/ cm 2 be used when using LIPUS for human bone fracture.
LIPUS exposure is known not only to accelerate osteoblastic cell maturation and bone fracture healing but also angiogenesis 21) .
Angiogenesis is key component for wound healing and tissue regeneration. The process of bone healing divided into 4 stages; hematoma formation stage, fibrocartilaginous callus formation stage, bony callus formation stage, and bone remodeling stage.
Angiogenesis is seems to promote the transition into the bone remodeling stage from hematoma formation stage by creating new blood vessels which bring oxygen, serve inflammatory cells and bone precursor cells to the injury site. In this experiment, the regression of blood clot was observed in both LIPUS exposure groups (L15 and L30) at 3 days. Furthermore, LIPUS exposure group had higher new capirally vessel formation ratio in all layer of bone defected area at 7 days than control group (p < 0.05, data not shown). VEGF known as a key growth factor directly associated with angiogenesis and neovascularization is produced by endothelial cells, macrophages, fibroblast, smooth muscle cells and osteoblasts 22) . Some studies reported VEGF expression was upregulated by LIUPS exposure. The 1 MHz frequency of ultrasound stimulated expression of VEGF in human osteoblast, gingival fibroblast and monocyte in vitro 23) . William et al. 24) described immunohisitochemical positive reaction of VEGF was increased with 1. 18) . There was few study to investigate the effect of LIPUS with difference frequency on bone healing. Takebe et al. 17) reported low frequency
(1 MHz) of LIPUS group was recognized more new bone growth than control group and high frequency (3 MHz) of LIPUS group in rabbit sinus augmentation model. On the other hand, our previous study concluded gene expression of bone differentiation markers (osteopontin and osteocalcin) and volume of newly formed bone are in rat femur bone defected area had no significant difference between L15 and L30 groups 20) . On the other hands, there was significant difference was recognized in gene expression of VEGF at 5 days and capillary vessel formation ratio in upper layer of bone defected area at 7 days between L15 and L30 group. Reher et al. 23) were investigated to compare the protein expression of VEGF in osteoblast and monocyte between 0.45 MHz an 1 MHz frequency of LIPUS exposure, and they concluded the optimum intensities were 15 to 30 mW/cm2 (SATA) with 0.45 MHz of ultrasound and 0.1 to 0.4 W/cm 2 (SATA) with 1 MHz of ultrasound. Moreover, half-value depth the distance at which 50% of the ultrasound energy has been absorbed by the tissue is known to relate with frequency of ultrasound. It was reported half-value depth of 1 MHz frequency was approximately 2.3 to 5 cm, and that of 3 MHz was 0.8 to 1.6 cm 25) . From these results, we suggested intensity of 30 mW/cm 2 used in this experiment is too low to up-regulate VEGF expression in this experiment model. But, it seems to be difficult to use a higher intensity with 3 Mhz frequency of LIUPS, because intensity of LIPUS is defined as the range of intensity 0.5 to 50 mW/cm 2 . In addition, it was reported 100 mW/cm 2 statement value was the upper limits in the safety statement made by the American Institute of Ultrasound in Medicine (AIUM) 26) . In the case of LIPUS exposure for human extracted socket, these effects need to reach deeper area than this animal model. Therefore, 1 MHz is the recommended frequency to promote angiogenesis by LIPUS exposure during bone defected healing.
In conclusion, 1.5 MHz frequency of LIPUS exposure was more effective to promote VEGF expression and angiogenesis than 3.0 MHz in rat femur bone defected healing.
